Abstract Continuous, anaerobic fermentations of D-xylose were performed by Actinobacillus succinogenes 130Z in a custom, biofilm reactor at dilution rates of 0.05, 0.10 and 0.30 h -1 . Succinic acid yields on xylose (0.55-0.68 g g -1 ), titres (10.9-29.4 g L -1 ) and productivities (1.5-3.4 g L -1 h -1 ) were lower than those of a previous study on glucose, but product ratios (succinic acid/acetic acid = 3.0-5.0 g g -1 ) and carbohydrate consumption rates were similar. Also, mass balance closures on xylose were up to 18.2 % lower than those on glucose. A modified HPLC method revealed pyruvic acid excretion at appreciable concentrations (1.2-1.9 g L -1 ) which improved the mass balance closure by up to 16.8 %. Furthermore, redox balances based on the accounted xylose consumed and the excreted metabolites, indicated an overproduction of reducing power. The oxidative pentose phosphate pathway was shown to be a plausible source of the additional reducing power.
Introduction
Dicarboxylic acids are expected to play a crucial role in the feasibility of future biorefineries due to their potential as platform molecules for deriving both commodity and specialty chemicals [1] , and their value-addition as co-products in complementing biofuels production [2] . Succinic acid (SA), a four carbon dicarboxylic acid produced as an intermediate in the tricarboxylic acid (TCA) cycle, is of particular interest in this regard. SA is considered a prospective high value, bio-based chemical due to its potential as a building block for a number of renewable products (e.g., 1,4-butanediol and tetrahydrofuran) [3] , and due to the attractive and growing market for both SA and its derivatives. The current market size for SA is around 30-50 kton/annum [4] with an estimated increase to 700 kton/annum by 2020 [5] . Although commercial scale bioproduction of SA has been demonstrated to some degree of success [6] , the expected growth in the SA market hinges on efficient, bulk bio-production that is cost-competitive with the conventional petrochemicals route [7, 8] . The conventional route, through which the majority of commercial SA is currently produced, follows an unsustainable and comparatively expensive petroleum-based process where butane is converted into SA via maleic anhydride [9] . As such, bio-based SA can serve as an attractive, sustainable replacement for petroleum-derived SA as well as related products such as, for example, maleic anhydride and adipic acid [7] . Furthermore, bio-based SA can be used in the synthesis of bio-polymers such as polybutylene succinate and polyurethane [10] , thereby further driving an increase in the attractiveness and market size of SA.
Various microbial platforms have been explored for bioproduction of SA with the best bench-scale performance achieved by Actinobacillus succinogenes [11] [12] [13] [14] , Anaerobiospirillum succiniciproducens [15, 16] , Mannheimia succiniciproducens [17] [18] [19] , and engineered strains of Escherichia coli [20] [21] [22] . Current commercial bio-production of SA is based primarily on industrial proprietary yeasts (Saccharomyces cerevisiae and Candida krusei) and bacteria (Escherichia coli and Basfia succiniciproducens) that utilise starch-derived, refined sugars (e.g., sucrose, glucose and fructose) as feedstocks [4] . Wild type Actinobacillus succinogenes is a top-performing succinate producer and has been shown to produce SA at high productivities, yields and titres in mixed-acid, bench-scale fermentations [11-14, 23, 24] . Furthermore, A. succinogenes is tolerant to high acid titres [25] and can consume a variety of carbohydrates including glucose, xylose, arabinose and galactose [26] , making it an attractive contender for industrial bio-production of SA from diverse feedstocks.
In addition to the biocatalyst, the choice of feedstock is an important consideration as it drives the overall economics of the process and directs process development [2] . An ideal feedstock for commercial bio-production should tie in with larger biorefinery strategies to leverage the advantages of economies of scale thereby further reducing production costs. The focus, therefore, is to produce SA at productivities, yields and titres that are industrially competitive and to utilise a renewable feedstock that is aligned with the long-term biorefinery strategy. Lignocellulosic plant biomass meets the criteria of such a feedstock as it is renewable, relatively low in cost, abundant and readily available [27] . In addition, plant biomass is non-edible and therefore does not compete with starch-based food crops. Achieving cost-competitive SA production on lignocellulosic biomass would be an ideal bio-based SA process. The feasibility of such a process depends on efficient utilisation and conversion of all the carbohydrates present in lignocellulose.
Xylose is a major carbohydrate in hemicellulose, and the xylan polymer constitutes between 20 and 50 % of grassy biomass, and 8-25 % of woody biomass [28] . Furthermore, current promising pretreatment technologies are able to generate xylose-rich hydrolysates from corn stover, a model lignocellulosic feedstock [29] [30] [31] . Therefore, it is necessary to determine the feasibility and limits of SA production on a clean xylose feed to establish a baseline for lignocellulosic fermentations, and to gain insight into the extent to which C 5 carbohydrates can be utilised by A. succinogenes. Furthermore, insight into the metabolism of the organism when grown on xylose is crucial for integrated process development and fermentation optimisation, and is instructive in determining potential targets for metabolic engineering. In this regard, continuous operation is advantageous as it allows for analysis of the system at steady-state. Steady-state conditions are crucial for performing accurate mass balances and metabolic flux analysis which provide insight into the physiology of the organism. In addition, continuous operation, especially with immobilised cells, allows for higher productivities making it a potential process option for bulk scale production.
This paper presents the first continuous fermentations of xylose to succinic acid using immobilised, wild type Actinobacillus succinogenes 130Z. Fermentations were performed in a custom biofilm reactor since continuous operation of A. succinogenes is necessarily biofilm based. Moreover, continuous operation allowed for proper mass and redox balances through steady-state conditions, which provided insights into the xylose metabolism of A. succinogenes. Finally, the paper explores the fermentation performance on xylose relative to a previous study on glucose in terms of yield, titre and productivity.
Materials and methods

Microorganism
Actinobacillus succinogenes 130Z (DSM 22257; ATCC 55618) was acquired from the German Collection of Microorganisms and Cell Cultures (DSMZ). Cultures were maintained in 66 % w/w glycerol solutions at -40°C for medium-terms and in tryptone soy broth (TSB) suspensions at 4°C for short-terms. Inoculum was incubated at 37°C and 150 rpm for 16-24 h in 30 mL sealed vials containing 15 mL sterilised TSB at 30 g L -1 . Prior to inoculation, the inoculum was analysed using HPLC to ensure purity and consistent metabolite distributions.
Fermentation medium
The fermentation medium comprised three parts: (1) a nutrient and salts mixture, (2) a xylose solution and (3) a phosphate buffer. The nutrient and salts mixture consisted 
Fermentations
Continuous fermentations (runs) were performed using a custom bioreactor (fermenter) similar to that presented in [11] except with a working volume of approximately 360 mL. Temperature was controlled at 37°C by means of a hotplate connected to a thermocouple for control feedback. pH was controlled at 6.80 using a Liquiline CM442 (Endress?Hauser, Gerlingen, Germany) coupled to a Ceragel CPS71D glass electrode (Endress?Hauser, Gerlingen, Germany). Control was achieved by dosing unsterilised 10 N NaOH in an on-off fashion actuated by an internal relay of the Liquiline. The average flow rate of NaOH was calculated in real-time and used to calculate effective inlet xylose and inlet organic acid concentrations, as small amounts of succinic-
) and acetic acid (*1.0 g L -1 ) were present in the feed due to corn steep liquor and sodium acetate, respectively.
The reactor system (reactor, fittings, liquids and bottles) was autoclaved at 121°C for 60 min with the three feed components contained in separate bottles to prevent unwanted reactions, and to avoid the formation of precipitates. After inoculation (*10 mL), the fermenter was operated in batch mode to increase cell density and then switched to continuous mode at a low dilution rate (0.05 h -1 ) to avoid cell washout. Once a stable biomass population was established, the dilution rate was increased (0.1-0.3 h -1 ) to accelerate the formation of biofilm. Antifoam was added as needed and its dilution of the feed medium was accounted for similarly to that of base addition. The total biomass content in the fermenter was increased by using support structures and packing to facilitate biofilm attachment, growth and stability. The supports included tightly bound wooden sticks (run 1), silicone-tubing segments (run 2) and loosely spaced wooden sticks (run 3). Different supports were used in each fermentation in an attempt to overcome blockages of the system due to excessive biofilm growth. All supports were cleaned with distilled water and dried prior to insertion.
Analytical methods
Sampling of the reactor was performed on a bed of ice to suppress metabolic activity outside of the reactor. The concentrations of organic acids, ethanol and xylose present in the feed medium and fermentation broth were determined by means of high-performance liquid chromatography (HPLC). An Agilent 1260 Infinity HPLC (Agilent Technologies, USA), equipped with a 300 9 7.8 mm Aminex HPX-87H ion-exchange column (Bio-Rad Laboratories, USA), and an RI detector was used. For the first two fermentations, a 5 mM solution of H 2 SO 4 at a flowrate of 0.6 mL min -1 served as the mobile phase with column and RID temperatures of 60.0 and 55.0°C, respectively. To avoid co-elution of xylose and pyruvate, a 20 mM solution of H 2 SO 4 (all else equal) was used for the mobile phase in the third fermentation. In the given system, acid retention times decrease with increasing mobile phase acidity, whereas carbohydrates are minimally influenced. It was found that suitable xylose and pyruvic acid separation occurred with a 20 mM H 2 SO 4 mobile phase without leading to co-elution of other compounds.
Data analysis and collection
A total of three independent fermentations were performed at dilution rates of 0.05, 0.10 and 0.30 h -1 with a total fermentation time of approximately 1500 h. Steadystates were achieved at each dilution rate in each fermentation. Averages for each variable are based on the steady-state results at each dilution rate for each fermentation. In the case where multiple steady-states were obtained at a single dilution rate within a fermentation, the average of these was used in determining the average for the variable. Using a single set of data from each fermentation ensured that the overall average was not biased towards any one fermentation and that an equal contribution was made from each fermentation. Standard deviation, calculated using the averages of each fermentation run (three values in total), was used to reflect the variation in each variable. The redox analyses performed on the third fermentation data include averages of all the steady-state data within that fermentation.
Samples (data) are only meaningful or only considered within the definitionof a contunuous reactor once the system is at steady-state. Steady-state (or pseudo steady-state) was assumed when (1) the time-averaged NaOH flowrate remained within 5 % of a 4-h average and (2) metabolite and residual xylose concentrations showed fluctuations within 3 % over a period of at least two volume turnovers.
Mass balance calculations
Mass balances were performed by calculating the stoichiometric amount of substrate required to produce the measured metabolite concentrations based on elemental balances, and comparing this amount to the actual amount of substrate consumed. The elemental balances were performed on C, H and O between the carbohydrate substrate and the products, since for each element appearing in the substrate, an equal amount must appear in the products. The products comprise all the measured metabolites of the fermentation (i.e., succinic-, acetic-, formic-and pyruvic acid), and H 2 O. Since CO 2 can serve as both a substrate and a metabolite, it remains an unknown in the system and its net production or consumption will be reflected in the mass balance solution. The elemental balances in this case provide three equations (C, H and O), and given a system of M products (including CO 2 and H 2 O), M-3 specifications (measurements) are required to solve for the unknown metabolite production rates and the corresponding elementbalanced substrate consumption rate. The system can be solved using linear algebra techniques. Once the substrate consumption rate is determined, it is divided by the actual (measured) substrate consumption rate and expressed as a percentage that represents the mass balance closure. Note that the accuracy of the mass balance is dependent upon including all the metabolites in the calculation; if metabolites are neglected, the closures will necessarily be lower. A generalised approach to elemental balancing is presented in [32] .
Results and discussion
Continuous xylose fermentations
Succinic acid (SA) was successfully produced continuously from xylose by A. succinogenes in a custom biofilm reactor in three separate fermentations each including dilution rates (D) of 0.05, 0.10 and 0.30 h -1 . The fermentations spanned a total of approximately 1500 h cumulatively and showed generally good stability. The only major operational challenge was caused by accumulation of biofilm which led to clogging of the support packing resulting in regions of preferential flow; hence different supports were used in each fermentation in an attempt to overcome this issue. Erosion or sloughing of the biofilm, known features of biofilm behaviour [33] , resulted in disturbances of the steady-states. However, biofilm was able to regrow and once the fermenter had stabilised, steady-states were reestablished.
The SA productivity and rate of xylose consumption were similar in all three fermentations (Fig. 1) . Therefore, the performance of the three fermentations can be directly compared despite different types of biofilm supports being employed in each fermentation. Similarly, the rate of glucose consumption in a previous SA study with A. succinogenes [11] compared remarkably well with the average rate of xylose consumption in this study (Fig. 2a) , and therefore it is reasonable to make direct comparisons between the two studies. As such, it was found that while the rates of xylose and glucose consumption were similar, the SA productivity was noticeably lower for the xylose fermentations (Fig. 2b) and varied between 1.5 and 3.4 g
(single steady-state) was obtained at D = 0.3 h -1 which is 11.4 % lower than the maximum achieved on glucose (4.4 g L -1 h -1 ) across the same range of dilution rates. The only other prominent pure xylose fermentation study with A. succinogenes reports a productivity of 0.54 g L -1 h -1 [34] . The nearest approximations to pure xylose fermentations are those on lignocellulosic biomass containing high xylose concentrations where the best SA productivities reported are: 0.99 g L -1 h -1 on acid-pretreated sugarcane bagasse [35] h -1 on sugar cane bagasse and corn stover hydrolysate respectively using engineered E. coli. Although fermentation inhibitors may have negatively impacted productivities in these studies, the sugar streams also contained glucose which may have increased SA productivities above that of a pure xylose stream due to the higher yields attainable on glucose. Importantly, all these studies were conducted in batch or repeat-batch mode and the high productivities achieved in this study highlight the benefits of operating continuously. Also, the use of biofilm to increase cell densities and enhance productivities [39] is clearly demonstrated in the current study. Fig. 1 The average volumetric rate of xylose consumption (Xyl cons.) and succinic acid production (SA prod.) for all three runs (R). Packing types: R1 tightly bound wooden sticks, R2 silicone segments, R3 loosely spaced wooden sticks. Open diamond xylose consumption R1, filled diamond SA productivity R1, open circle xylose consumption R2, filled circle SA productivity R2, open triangle xylose consumption R3, filled triangle SA productivity R3 Fig. 2 Summary of the xylose fermentations relative to a previous study on glucose [11] . Each data point represents the average of the steady-states at each dilution rate for all three fermentations. The error bars reflect the standard deviation (r) for each data set. For the cases where the error bars are not visible, the markers are covering the bars and r is, therefore, small. Xylose (Xyl) and glucose (Glc) runs were performed at the same dilution rates, but the glucose data sets are shifted to the left on the x axis in each graph to compare the error bars more clearly with those of xylose. SA succinic acid, AA acetic acid, FA formic acid. Filled circle glucose study, filled triangle xylose study,
The lower SA productivities on xylose correspond to lower SA concentrations (C SA ) (Fig. 2c) , where C SA was between 10.9 and 29.4 g L -1 on average. The acetic acid concentration (C AA ) ranged from 3.6 to 6.0 g L -1 (Fig. 2d ) increasing at lower dilution rates but to a lesser extent than in the glucose study, whereas the formic acid concentration (C FA ) remained between 2.5 and 2.8 g L -1 . Overall, the metabolite concentrations in the xylose fermentations followed similar trends to those of the glucose fermentations and no ethanol formation was observed.
The average yield of succinic acid on xylose was between 0.55 and 0.68 g g -1 and increased with decreasing dilution rate (Fig. 2e) . The previous study on xylose reported a yield of 0.76 g g -1 in batch mode [34] , and similar to the productivity comparison, studies with A. succinogenes using xylose-rich lignocellulosic feed streams report higher overall yields (e.g., 0.79 g g -1 on sugarcane bagasse hydrolysate [35] and 0.83 g g -1 on straw hydrolysate [37] ). However, as mentioned before, the lignocellulosic feed streams all contained glucose which likely increased the net yield above that of pure xylose as seen in the comparison made in this study. More importantly, the SA yield on xylose was substantially lower than that on glucose across all dilution rates which dovetails with the correspondingly lower C SA values in Fig. 2c . Given that the rate of xylose consumption was similar to that of glucose, a lower SA yield at similar overall byproduct concentrations implies that there is mass unaccounted for in the system. In other words, in the xylose runs, C SA together with the by-product concentrations is lower than the equivalent amount in the glucose fermentations and can, therefore, not account for the total amount of xylose consumed.
The average SA/AA mass ratio (Y AASA ), or selectivity to SA, was higher at lower dilution rates implying that carbon flux to SA increased as the dilution rate decreased (i.e., as acid titres increased) which relates to the higher SA yields at lower dilution rates. Also, Y AASA (3.0-5.0 g g -1 ) was similar for both xylose and glucose fermentations (Fig. 2f) which indicates that a similar flux shift towards SA occurred with both substrates. Similar to the glucose study, the FA/AA mass ratio (Y AAFA ) on xylose showed a decreasing trend with decreasing dilution rate, but to a lesser extent, which corresponds to the trend in C FA . A decrease in Y AAFA implies that pyruvate dehydrogenase and/or formate dehydrogenase activity is greater at lower dilution rates as detailed in previous continuous fermentations on glucose by A. succinogenes [11, 12] . However, the dehydrogenase activity appears to be lower in the case of xylose since Y AAFA does not decrease to the same extent as in the glucose study.
Regarding the stability and time-course of the fermentations, it can be seen that once stable biofilm was achieved, steady-state conditions remained fairly stable in terms of productivity (Fig. 3a) and yield (Fig. 3b) , especially at the lower dilution rates. At D = 0.3 h -1 , there appears to be more scatter in the variables (last two points at 0.3 h -1 ), most likely due to biofilm development under lower acid titres, where sections of biofilm detached along with regions of gradual regrowth. It is interesting to note that the steady-state at D = 0.05 h -1 was repeatable at three distinct time intervals during the fermentation.
Mass and redox balances
While the above results are valuable in themselves and suggest that A. succinogenes can effectively convert a xylose-rich feedstock to SA, it is instructive to further understand the differences between the xylose and glucose fermentations. To investigate the yield differences between the two fermentations, and the possibility of unaccounted mass presented above, the mass balances of each system were compared. Mass balances were performed by calculating the stoichiometric amount of substrate required to produce the measured metabolite concentrations based on elemental balances, and comparing this amount to the actual amount of substrate consumed (see ''Materials and methods'', ''Mass balance calculations''). The mass balance closures were found to be lower for the xylose fermentations ( Table 1) . The previously mentioned studies on xylose-containing fermentations by A. succinogenes do not interpret the results using mass balances and are performed exclusively in batch reactors where mass balances cannot be accurately performed; therefore, no mass balance comparisons are available.
Incomplete mass balance closures can be attributed to undetected metabolites or biomass growth when no dry cell weight (DCW) measurements are included in the mass balance. In biofilm fermentations, cell mass accumulates in the fermenter [39] , and erosion and sloughing of biofilm [33] cause segments to exit the fermenter unpredictably. As such, DCW measurements either do not account for biomass incorporated into the biofilm or contain biofilm fragments of accumulated biomass that overestimate mass measurements; therefore, DCW in a biofilm reactor is not a true reflection of biomass growth or suspended cell concentrations. Consequently, it is difficult to determine the amount of substrate used for biomass growth at steady-state during a biofilm fermentation. However, the growth rate of A. succinogenes has been shown to decrease significantly with increasing C SA due to product inhibition and becomes negligible beyond a C SA of 15 g L -1 in continuous fermentations [40] , and cell growth terminates at a C SA of around 13 g L -1 in batch fermentations [41] . In addition, it has been shown that over extended periods of steady-state operation (96 h) in a biofilm fermentation with A. succinogenes, DCWs were low on average (0.19 g L -1 ) compared to the average amount of glucose consumed (42 g L -1 ) [11] and so at most 0.45 % of the glucose consumed was used for biomass. In light of these two observations, and considering that C SA was between 10.9 and 29.4 g L -1 throughout this study, it was assumed that substrate consumption through biomass growth was negligible. Any contribution of biomass growth to the overall mass balance would be more apparent at high dilution rates (e.g., 0.3 h -1 ) where C SA is lower (10.9 g L -1 ); however, the mass balance showed similar closures across all dilution rates. As such, it was assumed that biomass growth at steady-state had a negligible contribution to the mass balance across all dilution rates and it was suspected that an undetected metabolite was produced. Lin et al. [25] reported appreciable pyruvic acid concentrations (*4.8 g L -1 ) together with succinic-, acetic-and formic acid in batch fermentations of glucose with A. succinogenes. Furthermore, Guettler et al. [26] reported small amounts of pyruvic acid when A. succinogenes was grown on an enriched medium. Despite good mass balance closures without pyruvic acid production in the comparative glucose fermentations, pyruvic acid was considered a likely candidate for the missing metabolite.
Due to the incomplete mass balance closures described above, a modified HPLC method was used for analysis of metabolites and xylose in the third fermentation. Analysing a known solution of xylose and pyruvic acid by HPLC showed complete co-elution of the two species as seen by a single, enlarged peak on the chromatogram. By applying the same HPLC method as in the first two fermentations, but with a more acidic mobile phase (20 mM versus 5 mM H 2 SO 4 ), it was possible to separate the peaks distinctly. Given the new analysis method, a third fermentation of xylose was performed. The third fermentation revealed that pyruvic acid was indeed produced at appreciable concentrations at all three dilution rates with an associated improvement in the mass balances compared to the first two fermentations (Fig. 4) . Note, Fig. 2 is based on all three fermentations since none of the fermentation variables, except yield and xylose consumption rate, were influenced by the detection of pyruvate. Yield and xylose consumption rate were marginally affected because residual xylose forms the basis of each calculation and the quantification of residual xylose was impacted by co-elution of pyruvic acid. Fortunately, since high xylose feed concentrations resulted in residual xylose concentrations substantially greater than the detected pyruvic acid concentrations, the presence of pyruvate was shown to negligibly influence the xylose peak area, as seen by similar yields and xylose consumption rates when including and excluding the third fermentation data in the calculation of averages. Despite the improvement in mass balance closures with pyruvic acid inclusion, the balances were still lower than those of the glucose fermentations and complete closures were not achieved. However, the improvement in mass balance closures, together with a more accurate picture of the metabolite distribution during xylose fermentations, underscores the necessity and utility of performing mass balances on fermentation data. In addition, with an improved view on the active metabolic network of A. succinogenes, it becomes possible to perform redox balances with better accuracy which are instructive in understanding metabolic flux distributions. These benefits further highlight the advantages of steady-state analysis which is only possible during continuous operation.
Redox balances were performed by considering the NADH contributions from the overall, balanced metabolic pathways that convert xylose to metabolites. The overall pathways can be viewed as either reductive or oxidative, where a net production of NADH in a pathway is viewed as oxidative while a net consumption of NADH is reductive. In a redox balanced system, the net NADH of the oxidative and reductive pathways should be zero. Equations 1-4 give overall pathways for the molar conversion of xylose (Xyl) to excreted metabolites with the associated amounts of NADH, and can be further visualised with reference to the proposed central metabolic network of A. succinogenes (Fig. 5) , which includes pyruvic acid excretion. An equation for cell growth has been excluded as detailed in the above discussion. 
Equation 1 represents the formation of acetic acid (AA) via the pyruvate dehydrogenase (PDH) route, and Eq. 2 represents the formation of acetic acid and formic acid (FA) via the pyruvate formate-lyase (PFL) route. If formic acid is further converted to CO 2 and NADH by formate dehydrogenase, the overall pathway is equivalent to Eq. 1. Pyruvic acid (Pyr) production followed by excretion is given by Eq. 3, and succinic acid (SA) formation is represented by Eq. 4 and involves net consumption of NADH. Thus, Eqs. 1-3 can be seen as the oxidative pathways while Eq. 4 is the reductive pathway. Note, in balancing xylose uptake via the non-oxidative pentose phosphate pathway (Fig. 5) , three xylose molecules are converted into two fructose-6-phosphate (F6P) molecules and one glyceraldehyde-3-phosphate molecule, yielding five phosphoenolpyruvate molecules which in turn produce five NADH molecules. Therefore, for each xylose molecule consumed, 5/3 NADH molecules are generated. Performing an NADH balance using the measured metabolites as described here can be seen as a product-based redox balance since the closure is relative to the measured metabolites (products) only.
Using known metabolite concentrations from each steady-state in the third fermentation, the NADH in each pathway was calculated using Eqs. 1-4, and the produced and consumed NADH amounts were compared. From Fig. 6a it can be seen that more NADH was consumed than produced and the deviation is more pronounced at increasing amounts of NADH consumption. Furthermore, the deviation increased with decreasing dilution rate which dovetails with increased Y AASA at lower dilution rates since more carbon is directed towards the reductive, C 4 pathway. The implication of excessive NADH consumption is that the oxidative pathways of the metabolic network ( Fig. 5 ; excluding the oxidative pentose phosphate pathway) are unable to generate the NADH required for the observed amount of SA production. This notion can be visualised in Fig. 6b where the total amount of xylose consumed in order to satisfy the product-based redox balance (DX r ) is Fig. 4 Results of the third fermentation where pyruvic acid was detected by a modified HPLC method. Each point represents the average of the steady-states achieved at each dilution rate. Filled circle mass balance, filled diamond pyruvic acid compared to the xylose consumed in each pathway based on Eqs. 1-4 and the corresponding metabolite measurements. Across all dilution rates, the sum of the xylose consumed in each pathway does not account for the total DX r and another pathway (''other pathway'') is required in each case to make up the xylose deficit. Moreover, it is precisely this ''other pathway'' (necessarily oxidative) that supplies the NADH required to close the product-based redox balance.
A possible metabolic pathway that can supply reducing power and that is within the central metabolic network of A. succinogenes is the oxidative pentose phosphate pathway (OPPP). The OPPP provides a route from glycolysis to the non-oxidative pentose phosphate pathway (NPPP) with an associated release of reduction power as NADPH (Fig. 5) . If a fraction of the F6P produced in the NPPP is cycled through the OPPP instead of proceeding through glycolysis, an overall pathway can be defined where xylose is converted to CO 2 and NADPH exclusively (Eq. 5). Also, since transhydrogenase activity has been detected in A. succinogenes [42] , the NADPH produced in the OPPP can be converted to NADH which can serve as the unaccounted NADH needed for the observed SA production.
If one assumes that the xylose consumed in the ''other pathway'' segment occurs via the OPPP, it is possible to re-check the overall redox distribution similar to the calculation in Fig. 6a , but with the inclusion of the designated OPPP xylose using Eq. 5. This results in perfect closure of the redox balance and supports the notion that reduction power is generated through the OPPP. Therefore, the OPPP is a likely candidate pathway due to not only its presence in the central metabolism of A. succinogenes, but also because it can oxidise xylose to the exact extent needed to satisfy the product-based redox balance. Furthermore, it has been previously shown that carbon flux through the pentose phosphate pathway (PPP) in a mutant strain of E. coli, grown on glucose, increased by 325 % with increasing succinic acid production resulting from increased CO 2 flow rates [45] . Increased flux through the PPP can be attributed to an increased demand for reduced cofactors at greater CO 2 concentrations. Also, given that the biochemical route of xylose uptake is via the PPP, increased expression of the PPP is expected in xylose fermentations as has been reported with Saccharomyces cerevisiae [46] and Aspergillus niger, where glucose-6-phosphate dehydrogenase activity showing the uptake of xylose and subsequent conversion to succinic acid and by-products. The genome of A. succinogenes has been published, therefore insight into the metabolism can be gained from the genome [42] [43] [44] . This insight has been incorporated into Fig. 5 was shown to be 92.4 % greater in cells grown on xylose compared to those grown on glucose [47] .
A further consequence of the stoichiometry of Eq. 5 is the distinct difference in proportion between the NADH discrepancy ( Fig. 6a) and the ''other pathway'' segment (Fig. 6b) . Since a single mole of xylose can provide 10 mol of NADH (as NADPH), only a minor flux through the OPPP would be sufficient to account for missing reduction power. For example, at the highest C SA in this study when D = 0.05 h -1 (third fermentation), the OPPP would consumed only 2.4 % of the total carbon (DX r ) to close the redox balance. Therefore, the product-based redox balance can be closed by consuming only a small fraction of xylose in the OPPP. However, this does not close the overall mass balance and the gap between DX r and the actual amount of xylose consumed (DX m ) remains (Fig. 6b) .
Given that the HPLC configuration used for metabolite analysis was capable of detecting all the organic acids in the central metabolism of A. succinogenes and no unidentified peaks were observed with no further traces of co-elution, it is unlikely that the unaccounted mass is an organic acid. To this end, it is possible that gaseous CO 2 is the missing metabolite. CO 2 can only be generated by simultaneously forming reduction power via the OPPPthe likely route whereby this is achieved. This implies that excess reduction power will be produced if CO 2 is used to close the mass balance. It is clear from the product distribution that this additional reduction power cannot be consumed by the know pathways and accordingly it must be consumed by an external oxidising agent. Since the fermentations occurred under anaerobic conditions, the oxidising agent would likely be a component within the fermentation medium. One possible candidate is yeast extract since it is known to behave as an external electron acceptor in glycerol fermentations with A. succinogenes [48] and could therefore react with reduced cofactors from the cell. If this is the case, then the fraction of carbon (as xylose) consumed in the OPPP would increase from 2.4 to 16.5 % in the example above, where the increased consumption translates directly to CO 2 production. Since this increase is considerably high and would necessitate a substantial amount of oxidant in the broth, it is more likely that a smaller fraction of additional carbon is lost as CO 2 via the OPPP, thereby improving but not fully closing the mass balance. The incomplete mass balance is informative and does not detract from the process relevance of the results; rather it invites further investigation on xylose metabolism of A. succinogenes.
Conclusions
This study demonstrates that xylose can be successfully and efficiently converted to succinic acid by A. succinogenes in a continuous, biofilm reactor. Furthermore, succinic acid production on xylose compares well with that on glucose, but lower SA yields, titres and productivities were observed. By-product concentrations on xylose were overall similar to those on glucose, but with lower acetic acid and higher formic acid levels. Akin to glucose fermentations, xylose fermentations displayed incomplete ). In a redox balanced system, the points would lie on the solid diagonal. Open circle NADH balance of third fermentation, solid line redox balanced system, dashed line 10 % above redox closure, dotted line 10 % below redox closure; b a comparison of the actual (measured) xylose consumed (DX m ) to the xylose required to satisfy the product-based redox balance (DX r ), and the individual contribution of each detected metabolic pathway to xylose. For each dilution rate, the averages of the metabolites and xylose consumed of all the steady-states are used in calculating individual pathway contributions and xylose consumed mass balances but to a larger extent. Pyruvic acid excretion, as detected by a modified HPLC method, improved but did not fully close the mass balances. Furthermore, redox balances of the observed metabolites showed an overproduction of reduction power, and carbon flux through the oxidative pentose phosphate pathway (OPPP) was shown to be a plausible source of this additional reduction power which affords elevated C 4 pathway flux. However, inclusion of OPPP flux was unable to close the overall mass balance. In this regard, it is possible that a fraction of carbon is lost as CO 2 via an overactive OPPP where oxidation of the additional reduction power (beyond that needed to close the redox balance) occurs external to the metabolism, possibly by an oxidant in the fermentation medium. Overall, the results are useful to integrated biorefinery development as they suggest that xylose-rich, lignocellulosic feedstocks, such as corn stover hydrolysate, may be suitable for SA production by A. succinogenes. In addition, the results provide a comparative baseline for future work involving more complex, biomass feedstocks. Going forward, process optimisation is essential and a cheaper fermentation medium should be explored (e.g., replacement of yeast extract by corn steep liquor or using spent yeast from ethanol production) in addition to the organism's tolerance to inhibitors present in actual hydrolysates.
